ABSTRACT A novel antenna design for implantable pacemakers is proposed. The housing of a pacemaker is utilized as an antenna to cover both the 402-405 MHz Medical Implant Communication Service band and the 433-MHz Industrial, Scientific and Medical band. This is achieved by exploiting radiating characteristic current modes of the housing case. These modes are excited using a capacitive coupling element with the help of a matching circuit. The radiation pattern of this antenna is optimized to be in a desirable direction away from the body (off-body direction). The ability of the proposed antenna for communications is demonstrated using a transceiver and a base station at 433 MHz. A communication range of 1 m is established when a transmitter with the proposed antenna is implanted in a rabbit and the power fed by the transceiver to the antenna is 25 µW. A longer range of up to 19 m can be established with the maximum allowable transmit power within the safety limits. Furthermore, the far field wireless power transfer through the proposed antenna is investigated by experiment. A received power of up to 22.38 µW by the proposed antenna is demonstrated when an equivalent isotropically radiated power of 140 mW is transmitted 1 m away from a transmitting antenna. From the same transmitting antenna in the same distance, a power of 4 mW can be received when the transmit power is within safety limits. This power can be used to recharge a small battery or a capacitor, which can potentially cover the communication power consumption of the pacemaker and hence extend the life span of the primary battery.
I. INTRODUCTION
Pacemaker is an important implantable device that is used to monitor and regulate heartbeats. It is implanted in the chest area under skin and enclosed normally inside a metal case. The case is usually made of biocompatible conducting material such as Titanium. Traditionally, the device communicates with an external programmer through near field magnetic coupling. This is mainly done by using coils at low frequencies at several kilohertz [1] , [2] . In 1999, the U.S. Federal Communications Commission (FCC) allocated the Medical Implant Communication Service (MICS) band (402 -405 MHz) to permit the use of a mobile radio device for data communication for implantable devices as a response to petition from Medtronic [3] . This band is the core of the Medical Device Radiocommunication (MedRadio) band (401-406 MHz). By using the RF band, the range to establish a communication link with implantable devices can be significantly extended [4] . The equivalent isotropically radiated power (EIRP) of MICS devices is limited to −16 dBm to restrain the interference from other medical devices [5] . This band is later adopted by European Telecommunications Standards Institute (ETSI) in 2002 and become the target band for implantable antenna designers [6] .
The conducting material of the case of an implantable device, such as a pacemaker, can attenuate electromagnetic RF signals significantly so that implantable RF antennas could not be totally placed inside the case. A significant amount of work has been done to design RF antennas for implantable devices. A loop antenna was proposed to work at MICS band and embedded inside the header of the pacemaker [7] . A microstrip antenna was proposed to be attached to the pacemaker case but this adds extra thickness to the pacemaker profile [8] . A PIFA antenna working at the MICS band was placed at the surface side of the pacemaker by considering the housing case as ground plane. The same group designed another PIFA but this time it was placed at the top side of the pacemaker [9] , [10] . In both cases, the implant size is increased. In another study, an inverted-E antenna is proposed to be embedded to the pacemaker header [11] .
A monopole antenna has been investigated for the pacemaker RF telemetry. The monopole was proposed with a folded shape to get the required length for resonance at the desired band. It was embedded to the pacemaker header in [12] . A helical monopole antenna was proposed to be embedded in the pacemaker header as well. With the increase of the helix turns, a desired length of quarter wavelength can be obtained [13] . A circumference monopole antenna was proposed in [14] . This monopole was rotated around the pacemaker case. An optional telemetry antenna is proposed in [15] . This antenna looked like a monopole and had a connection end with the electrode lead of the pacemaker. It can be utilized as an antenna by itself as the authors suggested or in collaboration with another existing telemetry antenna. These previous designs added extra elements to the implant that would increase the size and complexity of implantable devices.
A slot antenna was investigated as well for the pacemaker. A slot was made at one side of the case in [16] . The length of the slot can be increased to adapt the desired band. However, the physical length of the slot mainly determines the resonant frequency of the antenna and most power is radiated in the slot region. In [17] , a square split ring resonator was proposed as a receiving antenna at the MICS band for pacemakers. However, this antenna is based on inductive coupling for communication which is not perfect for RF telemetry.
In this paper, an approach to design an antenna using the housing case of implantable devices is presented for the first time. This design exploits the radiating characteristic current modes of the case to create a radiating antenna from the housing case itself at the frequency bands of interest. The radiating current modes are excited using a capacitive coupling element aided by a matching circuit. The proposed antenna has a radiation pattern that is outgoing from the housing case in normal direction to the pacemaker surface, which is very suitable for implantable devices as will be explained in the following sections.
The paper is organized as follows. In Section II, the antenna design and performance analysis are presented. Then, the wireless power transfer (WPT) to the implantable device is investigated using the proposed antenna in Section III. Section IV focuses on the communication experiment by using a transceiver with a temperature sensor. The paper is finally concluded in Section V.
II. ANTENNA DESIGN AND PERFORMANCE ANALYSIS
To design an antenna using the housing case, a general methodology can be followed as follows:
1-The shape and size of a case to be designed as an antenna should be identified first. 2-Surface current modes with equivalent effective frequency bands of the candidate case antenna should be analyzed using Theory of Characteristic Mode (TCM) analysis. 3-A proper coupling element is used with a matching circuit to excite the desired surface current mode. 4-The antenna is excited at a position where the selected current mode to be excited is highly dense. From the original shape of the pacemaker, a cavity with a small slot on the top side can be recognized as shown in Fig. 1(a) . This small slot is reserved for lead electrodes to pass through into the pacemaker circuitry. The slot can be potentially used as an antenna. The characteristics of the slot antenna depend on the dimensions of the slot. Typically, the length of the slot is about half wavelength for resonance. The average length of the top side of a typical pacemaker is about 30 mm. The slot within this side could be widened up to 26 mm so that a margin metal of width 2 mm can be kept for header contact and insulation as shown in Fig. 1(b) . A rectangular box is considered in this study to approximate a commercial pacemaker and also for easy to fabricate as shown in Fig. 1(c) . The same design method could also be applied to other implantable devices with different cavity shapes.
The reflection coefficient S 11 of both structures in the original shape and the rectangular shape is simulated using CST microwave studio. It shows that the two structures are resonating at 5.6 GHz which is equivalent to the slot size of 26 mm at a half wavelength as shown in Fig. 2 . The simulation confirmed the relationship between the resonance and the slot length.
Since the target frequency of implantable devices is in the MICS band, the radiating frequency of the slot antenna is too high with this dimension. More importantly, for a slot antenna, most power is radiated in the slot region, which is unfavorable for pacemaker applications since most power will be radiated to the body rather than off body as illustrated by the radiation pattern shown in Fig. 3 .
One of the techniques that have been adopted to the design of RF antennas recently is to create an antenna by utilizing a large ground plane or chassis by exploiting the characteristic current modes. The surface current distribution of conducting planes or chassis is constructed from infinite orthogonal characteristics current modes [18] . The radiation current modes of the chassis can be explored using the TCM analysis. The principle of TCM is explained well in [18] and [19] . This approach of antenna design is mainly investigated for mobile terminals [19] - [21] .
For a specific conducting surface, the current density J is given by
where J n represents the characteristic current modes, these current modes are able to radiate power independently from each other [19] . α n is the associated weighting coefficient of the current mode and it is related to the excitation modal and eigenvalues as:
where V n is the excitation coefficient which denotes the applied excitation coupling to the current mode, the phase and magnitude of V n affect the contribution of the current mode on the whole current distribution [18] . λ n is the eigenvalue related to the current mode. The current density can be then given by
From equation (3) it can be seen that the current density is proportional to the eigenvalues and it is taking into account the excitation state of V n in terms of phase and magnitude. The radiation characteristics of any specific current mode can be estimated by the associated eigenvalue λ n . Whenever this value is close to zero, the current mode radiates. The magnitude of the term 1 1+jλ n can be used to analyze the current mode rather than the individual eigenvalues. This term represent the normalized value of the current mode and is called modal significance (MS) [19] . The MS does not depend on the excitation and it is determined by the shape and size of the conducting surface [19] .
Previous studies utilized ground planes to be effective radiative antennas for mobile terminals using simple and nonresonance coupling elements with the help of an external matching circuit [20] , [22] . In this study, the housing of a pacemaker is considered as a kind of chassis with a cavity structure. The radiation characteristics from the housing itself will be investigated using this approach. The housing case is analyzed by TCM analysis in free space using FEKO software. The ISM band around 2.45 GHz is investigated since the dimension of cavity is comparable with the wavelengths at this band. The modal significance (MS) method is used to exploit the radiative current modes. This MS, the magnitude of 1 1+jλ n as given in (3), has a maximum value of 1. Whenever its value is close to one then the current mode can effectively contribute in radiation [19] . The result of the TCM analysis for the proposed antenna is shown in Fig. 4 . It can be seen from this figure, the first two modes have the highest MS at 2.45 GHz and in particular the first mode has an MS very close to 1. Mode 3 has a mall VOLUME 4, 2016 MS and is not shown in the figure. Mode 4 is dominant at the bands above 2.5 GHz. The surface currents associated with the first two modes are shown in Fig. 5 . The current distribution of the first mode is longitudinal with the cavity surface and has high current density at the top side slot. The second mode is latitudinal on the surface including the area of the slot. The best excitation places for the current modes are at the maxima of the current distribution [18] .
Since the dominant modes at this band have dense currents at the top slot side, the excitation would be useful at this position. The current modes have symmetric distribution around the cavity surface so that the excitation at the middle position of the slot will provide balanced excitation to the current modes. To excite the current modes of the housing at 2.45 GHz, a coupling element is used with the cavity. To avoid adding extra element to the pacemaker and keep the shape of the opening of the case as original, an element part is cut from the top side of the housing cavity as shown in Fig. 6 . A tiny slot with the dimensions of 2 mm × 8 mm is placed at the center of the coupling element for the original usage of pacemaker to lead electrode to pass-through to the internal circuit as shown in Fig. 6(b) . This slot has negligible effect on the antenna performance. The proposed antenna has the same shape and dimension as the slot antenna except the added coupling element. The performance of both antennas are simulated and compared. It is worth mentioning that the dimensions of this box have been chosen so that it is close to the dimension of the original pacemaker and also to fit a transceiver circuit that will be used in the following sections to test the communication ability of the proposed antenna. The proposed housing antenna with the coupling element is simulated and compared with the slot antennas. The housing antenna has a resonance similar to the slot antenna but the resonance is shifted to a slightly lower frequency as shown in Fig. 7 . The performance of the antenna around the resonant frequency of 5.6 GHz has been changed slightly mainly due to the capacitive effect of the coupling element. Then an external matching circuit is applied to the coupling element to excite the modes at 2.45 GHz. The matching circuit can be designed automatically using CST with connection to specialist software in designing matching circuit such as Optenni lab. This software has libraries of real commercial components. The matching circuit is designed using this software based on the imported file from CST with flexibility to choose the order and topology of the circuit. The designed circuit is imported back to the CST to be attached to the antenna port. The reflection coefficient of the antenna after adding L-matching circuit is shown in Fig. 8 . It has 28 MHz bandwidth at −10 dB return loss. The gain of the proposed antenna at this band is 2.59 dB and the total radiation efficiency is 75%. The total antenna efficiency is slightly low due to the use of the matching circuit. A matching circuit is produced at 2.45 GHz and applied to the slot antenna to find out the difference in performance as compared with the proposed one. The matching circuits and surface current distributions of the housing antenna with the coupling element and the slot antenna are shown in Fig. 9 . The radiative current modes at 2.45 GHz have been excited successfully using the coupling element as shown in Fig. 9(a) . As a result, the surface current along the sides of the case is activated which is associated with the first current mode. While the surface current in the middle for the front face is mostly related to the second mode. These surface currents will participate in forming the radiation pattern. On other hand, the surface current of the slot antenna is mostly distributed along the slot aperture. As a result, the radiation will be generated mainly from the slot aperture itself as shown in Fig. 9(b) . This excitation of the proposed antenna results in radiation from the housing case itself with a radiation pattern normal to the housing surface as shown in Fig. 10(a) and (b) .
The reason for radiation mainly in one direction is the unbalanced excitation to the cavity surface where the feeding is applied between one side of the cavity and the coupling element. On contrast, the radiation of the slot antenna is still mainly from the slot aperture as shown in Fig. 10(c) and (d) . The proposed design has significant advantage over the performance of the equivalent slot antenna in terms of radiation from the housing itself with radiation pattern going away from the pacemaker off the body. This design represents an advantage for the pacemaker application due to the flexibility to choose the desired band and can generate the desired radiation pattern.
Since the pacemaker is used inside a human body, the properties of the housing antenna are investigated with the presence of body tissues. The high dielectric properties of the body tissues change the antenna performance. The resonance frequency inside the body is related to the free space resonant frequency according to the properties of the tissue and is given by
where f 0 is the resonant frequency in free space, f r is the resonant frequency in the body medium and ε e is the relative equivalent effective permittivity of that medium. The resonant frequency of the antenna will move down to a lower value due to the effect of body tissues. The body tissue properties in terms of dielectric constant at 403 MHz are 57.1, 5.6 and 46.7 for muscle, fat and skin, respectively and the conductivity are 0.79 S/m, 0.04 S/m and 0.69 S/m respectively. The same procedure that was done in free space is then carried out to the housing antenna with the coupling element in the body model. Body model dimensions are 50 mm, 150 mm and 200 mm in the directions of x, y and z respectively. The depth of the antenna is 20 mm in y direction. The coupling element with the matching circuit is used to excite the current modes of the antenna at the MICS band. The simulation results confirm that the principle of performance is similar to that in free space. The surface current is activated on the case antenna surface with most power radiated in the direction normal to the front surface of the antenna as shown in Fig. 11 .
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To validate this design, the housing case is fabricated by cutting 0.1 mm copper sheet into shape. The coupling element is fabricated on a 0.51 mm thick Roger 3003 substrate with a dielectric constant of 3.00. Then a T-matching network circuit is constructed on the coupling element as shown in Fig. 12.   FIGURE 12 . The fabricated prototype of the proposed antenna and the matching circuit.
Minced pork is used as a mimic to human tissues to test the proposed antenna. The reflection coefficient S 11 of the prototype antenna is measured using a portable VNA as shown in Fig. 13 . The antenna response has a good agreement with the simulated results as shown in Fig. 14 . From the figure, it can be shown that a very small frequency shift is encountered due to fabrication precision. However, it still covers the desired bands of the MICS band and the ISM band at 433 MHz. The proposed antenna is investigated in terms of the effect of pacemaker parts including the battery and the PCB board. It is found that the resonance is slightly shifted of 14 MHz but the desired bands are still covered. Furthermore, this slightly shift can be compensated by tuning the matching circuit.
The simulation results of the proposed antenna also show that the realized gain and radiation efficiency are −31 dB, 0.038% and −30 dB, 0.043% at 403 MHz and 433 MHz, respectively. These values are relatively small as expected due to the large loss of human body tissues [23] . Nonetheless, these values are enough to build up a communication link over 1 m when the power fed by the transceiver to the antenna is 25 µW. A longer range of up to 19 m can also be established with a larger transmit power within the safety limits as will be shown in the following sections.
To summarize the design process of the proposed case antenna, the following methodology of design was followed:
1-A regular shape case was suggested to validate the antenna design approach of using the housing case of the pacemaker. 2-The characteristics current modes on the housing surface were analyzed using FEKO software. 3-The surface current mode at 403 MHz in the simplified body mode was excited using a matching circuit and a coupling element. 4-The final design was validated by measurement in minced pork.
III. WIRELESS POWER TRANSFER
The proposed housing case antenna is tested for WPT. The experiment of far field WPT is done inside the anechoic chamber as shown in Fig. 15 . The experiment setup includes a signal generator, a power amplifier to boost the transmit power with a gain of 53 dB, a transmitting antenna, a wideband power sensor and a laptop to read the received power. The proposed antenna is tested inside two different body phantoms: minced pork and a rabbit. The transmitting antenna is a meandered loop resonating at 433 MHz in free space with a gain of 2.3 dB and a radiation efficiency of 96%. It is worth mentioning that there is a measurement error of 1 dB in all measurement results. This experiment is carried out in two scenarios.
A. EXPERIMENT IN MINCED PORK
Minced pork that mimics human tissues is used to test the proposed antenna for WPT. In the receiving side, the antenna is buried in the pork. The thickness of the pork between the case antenna and the pork container is 2 cm. The received power by the antenna is fed to a power sensor that is connected to a laptop to read the power level. The transmitting side includes the signal generator that feeds a power amplifier. The output of the amplifier feeds the transmitting loop antenna. An EIRP of 140 mW was transmitted during the experiment. The received power by the antenna is measured with several distances as shown in Fig. 16 . In the near field region of the antenna, smaller steps of measurement are used for higher accuracy. At the distance of 1 m, the received power was 6.2 µW when the transmit power is 140 mW. 
B. EXPERIMENT IN A RABBIT
A 3 Kg male New Zealand type of rabbit was purchased from Envigo. The rabbit was maintained in a lab for 10 days and prepared following Schedule 1 for the experiment. The WPT experiment is carried out with the same setup as in the minced pork. The proposed antenna was inserted through a cut to the left side of the rabbit's chest. The device is placed underneath the skin and fat but outside the muscle of the rabbit. It was surrounded by the rabbit's tissue and skin. The antenna is connected using a micro coaxial cable to the power sensor to read the received power. In the experiment, the proposed antenna is tested in two orientations: horizontal for the scenario when a patient is sleeping and vertical for the scenario when a patient is standing. The measurement is done first to find out the received power level at different separation distances from the transmitting antenna. The received power versus the separation range is depicted in Fig. 18 .
It can be seen from Fig. 18 that both orientations have similar receiving response with a slightly higher power in the vertical orientation. This advantage is counted to the proposed antenna where it can receive efficiently in two orientations. The power received at 1 m distance was 22.38 µW and 20.1 µW at the vertical and horizontal orientations, respectively. The transmit EIRP during the experiment was kept at 140 mW.
An experiment was then carried out to investigate the received power in different angles. Since the receiving antenna is embedded under the rabbit skin, it is kept in the same position and the angle of the transmitting antenna was rotated with respect to its azimuth from −60 • to +60 • with a rotation step of 15 • . The experiment is carried out for both horizontal and vertical orientations as depicted in Fig. 19 . The received power was not symmetrical because the radiation pattern of the receiving antenna is not symmetrical in the vertical direction as shown in Fig. 10 (a) and (b) and Fig. 11 .
C. MAXIMUM EXPOSURE LIMITS
In this section, the maximum transmit power by the transmitting antenna for far field WPT will be discussed according to the maximum exposure safety limits. This safety limit is used to control the transmit power from external antenna that is faraway from the body. According to IEEE standards for maximum exposure limits, the maximum power density at the body is 14.4 W/m 2 in the controlled environment and 2.165 W/m 2 in the public environment [24] . The far field power density from a transmitting antenna is given by where S is the power density in W/m 2 , P T is the transmitted power that feeds to the antenna in watt, G T is the gain of the transmitting antenna and R is the distance in meters from the transmitting antenna to the destination. The gain of the transmitting antenna in the experiment was 2.3 dB.
The maximum allowed EIRP at 1 m away from the transmitter in a public environment is 27 W. With this level of transmitted power, 4 mW can be received using the proposed antenna in the rabbit experiment and 1.2 mW in the minced pork experiment.
IV. COMMUNICATION MEASUREMENT
To demonstrate the ability of the proposed antenna for establishing a communication link, an experiment using a transceiver has been carried out. This transceiver is a part of a wireless temperature station. It has a temperature sensor and works at 433.9 MHz. The proposed antenna covers both the MICS band of 402-405 MHz and the ISM band at 433 MHz. It was used in the experiment to work at 433.9 MHz.
The wireless weather Station has two parts: an indoor reader station that has a monopole receiving antenna with gain of 1.38 dB and an outdoor transmitting tag that contains a temperature sensor and an antenna with a gain of 1 dB, both at 433.9 MHz. The outdoor tag is modified so that the original antenna is replaced with the proposed one. The modified transceiver can be fitted inside the box as shown in Fig. 20 . The transmit power of the tag transceiver is found out to be 25 µW. The modified communication system is demonstrated in vivo as follows:
A. EXPERIMENT IN MINCED PORK AND A RABBIT
The experiment setup includes the proposed antenna with the modified transmitter tested first in minced pork. A receiver station is used to read out the temperature. The experiment setup is shown in Fig. 21 . It is worth mentioning that the antenna was totally submerged in the minced pork during the experiment. The antenna can be seen in Fig. 21 just to show where the antenna was placed. The temperature can be read within a range of 32 cm with the default transceiver transmit power of 25 µW. A longer range is expected if the transmit power is boosted to higher levels but within the safety limits. The receiving system can also be improved to increase the range. The result has verified that the proposed antenna can be used for effective communication.
The same experiment of communication is carried out in a rabbit as well. The housing antenna with the transceiver is implanted under the skin of the rabbit. A communication range of 1 m is achieved. The improved range is a consequence of the thin layer of the rabbit skin as compared with the 2 cm thick minced pork.
B. SPECIFIC ABSORPTION RATE
In the above WPT experiment where the power is transmitted far away from human bodies, the maximum exposure limit should be considered. For wearable or implantable experiment like this, the Specific Absorption Rate (SAR) is an essential factor to measure the absorbed power by the tissue [25] . This limit is used to control the transmit power from antennas that is implanted or very close to the body. It is primarily determined by the electric field as given by
where ρ (kg/m 3 ) is the mass density, σ (S/m) is the conductivity of the tissue and |E| (V/m) is the magnitude of the electric field. The proposed antenna can be used for communication as verified by the experiment. The maximum transmit power from the proposed implanted antenna within the safety regulations can be computed according to the SAR. The FCC SAR regulation of 1.6 W/kg per 1-g averaging was considered to determine the usability of the proposed antenna. It is found by calculating the SAR using CST studio that the proposed design can be used with a transmission power of up to 9 mW. The experiment of communication is carried out with a transmit power of 25 µW which is fixed in the transmitter module. A communication range of 32 cm and 1 m is achieved inside minced pork and a rabbit respectively. Longer range is achievable with this antenna by increasing the transmit power up to 9 mW. By feeding the proposed antenna with this higher transmit power, it is estimated by calculation that a communication range of up to 19 m can be established.
V. CONCLUSION
This paper has presented a novel antenna design using the housing case of a pacemaker. The proposed concept can be used for many other implantable devices with a conducting case. This housing antenna is optimized to work at the ISM band around 2.45 GHz in free space and then is optimized at the MICS band of 402 -405 MHz and the ISM band around 433 MHz. This design offers a radiation pattern that is going out of the housing surface and off the body. It is suitable for implantable devices such as pacemakers due to the flexibility to choose the desired frequency band and a suitable radiation pattern.
The proposed antenna is tested for establishing communication links. This system established a communication link distance of 32 cm when the system was placed inside minced pork. The same experiment is carried out inside a rabbit and a communication range of 1 m has been achieved. This antenna can cover further range with a higher transmit power and still within the safety limits.
A wireless power transfer experiment is also done to find out the capability of the proposed antenna for energy harvesting. The experiment shows promising results. A received power of 22.4 µW is demonstrated when an EIRP of 140 mW is transmitted from an antenna 1 m away. By boosting the transmitter with higher power but within safety limits, a power of 4 mW can be received from the same distance. The received power can be potentially used to recharge a small battery.
If this design is implemented in a pacemaker, it can provide energy for communication and reserve the energy of the primary battery solely for the core function of the pacemaker. For long term of operation that is typically 5-7 years, this amount of reserved energy could be significant and help in extending the lifespan of the primary battery.
